A B S T R A C T A method was devised to quantitate regional capillary perfusion in the human heart by measuring the clearance constants (k) of Xenon-133 washout from multiple areas of the myocardium with a multiple-crystal scintillation camera. In 17 subjects, "'Xe was injected into the right or left coronary artery or both and counts per second (cps) were recorded simultaneously on magnetic tape from each of 294 scintillation crystals viewing the precordium through a multichannel collimator. Data were processed by a digital computer. Crystals detecting the myocardial washout of 'Xe were distinguished from those monitoring pulmonary excretion by positioning radioactive markers at the cardiac margins, and by a computer printout of the peak cps recorded by each crystal and its time after isotope injection into the coronary artery. The slopes of the initial segment of the multiple "'Xe curves obtained in each study were calculated by the method of least squares using a monoexponential model. Myocardial blood flow rates in the cardiac regions viewed by the individual crystals were calculated (assuming a blood to myocardium partition coefficient of 0.72) along with the SD of every flow measurement. The pattern of myocardial perfusion rates so obtained was superimposed over a tracing of the subject's coronary arteriogram. Scintiphotographs showing the arrival and washout of isotope from various regions of myocardium and the area of tissue perfused by each coronary artery were obtained by replaying the data tape on an oscilloscope. Significant regional variations in local myocardial perfusion rates were observed in hearts with normal coronary arteries.
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INTRODUCTION
Application of newer therapeutic interventions (1) (2) (3) (4) (5) (6) to the extensive population of patients with coronary atherosclerosis (7) (8) has been retarded by the absence of techniques to quantitatively assess regional myocardial blood flow in intact man. Coronary cineradiography is widely used diagnostically to localize constrictions or occlusions of large or medium-sized coronary vessels (9) .
However, radiographic visualization of the diseased artery does not provide information concerning the capillary blood flow in the region of the myocardium distal to the lesion. Furthermore, neither the adequacy of collateral blood flow beyond a coronary occlusion, nor the possibility of coronary small vessel disease (9) can be accurately assessed by arteriography alone.
The present report describes a method for quantifying capillary perfusion in various regions of the human myocardium at the time of coronary arteriography. This approach, an extension of a technique previously developed in the dog (10) , consists of the injection of 'Xe selectively into a coronary artery and the external measurement of isotope wash-out curves from multiple discrete regions of the myocardium with a multiple-crystal scintillation camera. The method simultaneously measures the rate constants of "'Xe washout from multiple FIGURE 1 Schematic diagram illustrating the sequential steps involved in measurement of regional myocardial blood flow with AXe and a multiple-crystal scintillation camera. areas of the heart instead of attempting to resolve a single multiexponential myocardial wash-out curve as has been done previously (11) (12) (13) (14) (15) (16) . Data obtained by this new technique in 17 patients with normal coronary arteries are presented.
METHODS

Procedure
A schematic outline of the equipment and sequential procedures involved in the estimation of regional myocardial blood flow is depicted in Fig. 1 Using 'Co point sources the total "dead" time resulting from the processing and storage of radioactive impulses was found to be 15 /ssec for the autofluoroscope used in the present studies. A "dead" time of this magnitude becomes significant when the peak total count rate recorded by the instrument is 12-30 X 108 cps (the range of peak total myocardial radioactivity observed with the doses of`"Xe used in the present studies). Therefore, the counts from each of the 294 crystals were summed during each counting interval and an appropriate correction based upon a dead time of 15 /Asec was applied to the output of each crystal in all calculations of count rate.
Collimation and resolution. The multichannel collimator used in the present studies (Fig. 2) was a lead shield containing one tapered hole for each scintillation crystal location. Because -y-photons pass in straight lines from the source, a radioisotope image is generated by multichannel collimation of Remission from an organ source to multiple small detectors; this image has a one-to-one spatial correspondence with the object (Fig. 3) .
In contrast to single-crystal scintillation cameras, the intrinsic resolution of the autofluoroscope is energy-independent because it is determined by the geometrical characteristics (10.7 mm2) of each of the crystals comprising the mosaic pattern of the detector (20) . The effective resolution, however, is determined by the thickness of collimator used and the distance from the collimator face to the radioactive source. The relationship between the area viewed by each crystal and the collimator-source distance for the 1.5 inch collimator used in the studies is described by the equation (21) in Fig. 3 . The equation probably overestimates the radius of the area viewed by each crystal at any distance, however, because flux across a resolution element is gaussian and is peaked on the axis of the collimator hole (21) . With the collimator face resting just on the anterior or anterolateral chest wall, the distances from the chest wall to the anterior and posterior wall of the heart were estimated to be about 4 and 7-8 cm respectively.
Count overlap between adjacent crystals; its effect upon calculations of myocardial blood flow. It is apparent from Fig. 3 , that the field of view of one scintillation detector overlaps that of adjacent crystals as the distance of the source from the collimator face increases. In Fig. 4 FIGURE 3 Effective resolution of each scintillation detector of the autofluoroscope is determined by the geometry of the channels in the collimator and the distance of the collimator face from the AXe source.
Data processing. The magnetic tapes from each study were processed on the IBM 360/91 digital computer at the Columbia University Computer Center. All programs for analysis of the data were written in Fortran IV and will be the subject of another communication. The printout of each frame of information or of derived calculations was arranged in 21 columns of 14 numbers. The position of each number in the printout corresponded to the location in the rectangular grid of the detector of the crystal from which the information was obtained. Six computer printouts were obtained from each study as follows:
Pool count. Before each study, radioactivity from a standard uniform pool of 'Co was measured until the most sensitive crystal had accumulated 1000 counts. A correction factor for each crystal (computed as 1000 counts/recorded counts) was developed in the computer from the pool count to compensate for differences in the relative efficiencies of the different crystals comprising the detector.
Localization. The second printout was of the position of each of the radioactive markers which outlined the cardiac borders.
Counts. The actual cps recorded by each of the 294 crystals during isotope washout from the heart were also printed out in initial studies, so that the "Xe wash-out curves from various regions could be plotted on semilogarithmic paper for visual and graphical analysis.
Peak cps and time. The computer searched the lMXe washout curve recorded by each of the 294 crystals and printed out the peak cps as well as the number of seconds after the start of the study that the peak occurred. Table I gives data from the printout of a study of patient H. R. in whom a left coronary artery injection of 'Xe was performed. The peak cps recorded by crystals overlying the myocardium (A-P projection) were higher than peak cps recorded by crystals overlying the lungs. In addition, the highest count rates were observed earlier in crystals above the heart than in crystals above the lung.
Clearance constants of ".'Xe washout. Fig. 6 shows two representative semilogarithmic plots of regional (i.e. singlecrystal) myocardial AXe wash-out curves obtained from one patient who had significant coronary artery disease. In these curves, the initial 1.5-min segments of the isotope disappearance curve were clearly monoexponential. When monitoring was prolonged for 7 min, however, the later portions of the wash-out curves deviated from a single exponential.
The Myocardial blood flow. Myocardial nutrient blood flow in the area viewed by each crystal was estimated by the Schmidt-Kety technique (22) (23) (24) . The assumptions of this method along with the derivation of the equations which are employed have been reviewed previously (10, 22, 23) . Capillary blood flow/100 g of myocardial tissue in each region (F) was calculated by the formula: F = k X X/p X 100 where k is the rate constant of '"Xe washout (determined experimentally), X is the blood to myocardial tissue partition coefficient for "AXe which was obtained by Conn in normal dog heart (0.72) (25) , and p is the specific gravity of the tissue (1.05) (12) . A standard deviation of each individual flow measurement (SDM) based upon the scatter of original data points was also calculated for each crystal and included in the computer printout of local myocardial flow rates. arteriogram so that the radiopaque markers on the X-ray coincided with the radioactive markers observed on the computer printout.
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Statistical analysis. Results were analyzed by standard statistical techniques (26) . Changes were termed significant if P was < 0.05 unless otherwise specified in the text.
RESULTS
Patterns of regional myocardial perfusion. The four scintiphotographs in Fig. 9 show the radioisotope images produced by AXe in myocardial tissue 1, 3, 5, and 128 sec after injection into a main left coronary artery. They depict not only the size of the area perfused by the left coronary artery but also the extremely rapid diffusion of the inert gas out of coronary vessels into the myocardial tissue. Fig. 10 shows a tracing FIGURE 6 Two semilogarithmic plots of myocardial`SXe activity (cps/peak cps against time) are depicted. These were obtained by two crystals in one patient. The patient had coronary artery disease; one crystal overlay myocardium supplied by a normal vessel (bottom); the other (top) was over tissue supplied by a narrowed branch of the left coronary. Scintiphotographs obtained after injection of tmXe into a dominant normal right coronary artery are shown in Fig. 12 ; (patient A. S., LAO position) a C-shaped radioisotope image was produced on the oscilloscope as 33Xe passed from the capillary distribution of the vessel into tissue of the right atrium, right ventricle, and apical-inferior portions of the left ventricle. Fig. 13 A portion of the computer output depicting the peak cps recorded by each crystal (top number) and the number of seconds after the start of the study when peak cps occurred in each crystal is presented. The peak cps were higher and occurred sooner in crystals overlying myocarditum than in those overlying the lungs.
rate in the left ventricle, 64.1 +13.9 ml/100 gamin, sigPrevious investigators have: (a) monitored either nificantly exceeded that in the right ventricle, 47.8 ±10.9 the single washout curve of an inert gas injected into ml/100 gamin, and that in the right atrium, 33.6 ±10.3 a coronary artery (11, 14, 16, 28) or the myocardial ml/100 g*min.
extraction of an isotopic indicator (29, 30) , or (b) they have measured the washout rates of an inert gas which DISCUSSION was injected directly into various regions of the rmyoThe present method of measuring regional myocardial cardium with a needle (31, 32) . Although the former blood flow in man using 'AXe and a multiple-crystal techniques provided information about blood flow/gram scintillation camera is another adaptation of the inert over a large area of the heart (a ventricle or more), they gas clearance technique to measure tissue perfusion (22-proved unsatisfactory in study of patients with coronary 24). While similar in principle to other measurements artery disease. This inadequacy resulted because local of myocardial flow using inert gases, nevertheless, it areas of reduced perfusion were obscured by the higher differs in several respects. flow in normally perfused regions and because hetero-geneous myocardial flow in coronary patients caused the single inert gas wash-out curves obtained by these methods to deviate from a single exponential equation in a fashion that could not be resolved mathematically (16) . The technique of sequential measurements of local inert gas clearance after direct injections (32) is limited by need for a thoracotomy and by tissue effects caused by the needle. More recently, radioactive microspheres have been used to demonstrate regional myocardial flow variations in experimental animals (33, 34) . As recently adapted to studies of man, (35) , however, the microsphere technique does not give quantitative myocardial blood flow data.
In the present method, the myocardial tissue supplied by the coronary artery into which the '3Xe is injected is subdivided into a relatively large number of small regions by means of a multichannel collimator and multiple miniature scintillation detectors. The wash-out curves are monitored simultaneously from the different regions, and the rate constants (k) of isotope removal are calculated by computer monoexponential analysis of the initial 39 sec of each curve. Each parameter (k) is a quantitative expression of the capacity of the local circulation in each of the multiple cardiac regions to eliminate a diffusible substance (and by inference to supply the tissue with diffusible nutrients). Each is directly related to the local capillary blood flow by the ratio X/p (23, 24) . In order to express the primary data in terms of blood flow, regional myocardial perfusion rates are calculated by the Kety formula (12, 23, 24) using (1) 'wXe was used as the isotopic indicator because the diffusibility of 'Xe is not limited by capillary pore size (10, 23, 24) . The low energy e-emission of this isotope can be detected externally but does not penetrate septae in the multichannel collimator, a feature which enhances resolution. The combination of low energy emission plus a short biological half-life due to rapid pulmonary elimination (14, 36) also limits radiation ex-
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FIGURE 10 This is the computer printout showing the myocardial blood flow rates (ml/100 g * min) in different regions of the heart. The blood flow rates were calculated from the multiple 'tXe wash-out curves obtained after "'Xe injection into the left coronary artery of H. W. The printout has been magnified, aligned, and superimposed upon a tracing of the coronary arteriogram of H. W. which was obtained during the same study. The areas recorded by each of the crystals are indicated by the rectangles. The standard deviation of each flow measurement (ml/100 g -min) appears in brackets below each value for regional myocardial blood flow. posure to the patient. An intravenous or intra-arterial injection of 40 mCi of '8Xe dissolved in saline yields a gonadal dose of 10 mrads (2% of the gonadal dose from an ordinary flat plate of the abdomen), a level considered safe for routine diagnostic isotope work (37) . (2) A monoexponential analysis of the initial 39 sec after the peak cps of each '2Xe wash-out curve was performed. This form of analysis was chosen for several reasons: (a) The initial portions of the curves were clearly linear when plotted semilogarithmically against time (Fig. 6 ). (b) In three reported studies using flow meters in experimental animals, there was a close correspondence between directly measured coronary artery flow/gram tissue and myocardial blood flow rates calculated from the initial segment of`3Xe or 'Kr myocardial wash-out curves (12, 14, 15) . (c) The slope of the initial most rapid portion of the curve is probably least effected by the content of nonmuscular tissue (e.g., fat) in the field of view monitored by each crystal (15) . Height/area analysis was not performed in the present studies because there is uncertainty where to terminate such an analysis (38, 39) . Furthermore, additional studies with the scintillation camera, in which the timecourse of 'Xe appearance in lung tissue beside or behind the heart was monitored after tracer injection into a coronary artery or the right atrium, revealed that only small amounts of radioactivity were present in lung tissue behind the heart during the first 40 sec of myocardial washout. It is conceivable that the more significant buildup of intrapulmonary counts which occurred later (Table I ) might distort a height/area analysis. A two compartment analysis of the curves was not selected, because this type of analysis grossly underestimated the directly measured myocardial flow/gram in a study (15) in which a two compartment model was tested by comparison with a flow meter in dog hearts.' (3) In order to express the measurements of isotope washout in physiological terms of nutrient blood flow/ 100 g-min, each of the rate constants obtained experimentally has been multiplied by a factor (68.6) which is based upon an untested assumption that in each of the myocardial regions X is 0.72, a value similar to that obtained in static studies of normal canine myocardium (25) . Canine myocardium contains relatively little fat. The theoretical possibility that 'Xe wash-out curves might be altered in different regions of the human heart because of changes in the local X due to differing concentrations of muscle, fat, and other tissue components exists, but has not been approached experimentally. Other investigators have shown, however: (a) that diffusion equilibrium for 'Xe between myocardial tissue and fat is not complete 30 sec after intracoronary injection of isotope (15) , and (b) that persistance of isotope in cardiac fat influences the tail of 'l'Xe washout curves to a much greater extent than it influences the more rapidly changing initial portions of the curve (15, 40) . Therefore only data points recorded during the first 39 sec after the peak of the 'lXe wash-out curves were analyzed in the present studies in order to minimize possible effects of fat or other nonmuscular components of myocardium on the blood flow calculations.
The problem of how to determine the in vivo X for an inert gas in different regions of a tissue comprised of heterogeneous elements is currently not solved. Experimental verification of X in normal and abnormal human myocardial tissue is required. Alternatively, this un-'A monoexponential approach was not endorsed in this careful study in which different forms of analysis of single myocardial wash-out curves were compared. Nevertheless, the data of these investigators ( [15] is independent of a form of mathematical analysis and of the assumptions involved in expressing the data in units of flow.
The new method to estimate regional myocardial perfusion has several advantages. The study may be performed in intact subjects at the time of coronary arteriography with no additional risk to the patient other than the slight radiation exposure due to isotope injection. Because AXe is delivered to the xnyocardium via a coronary artery, local tissue hyperemia due to a direct needle injection of indicator is avoided. Since most of the AXe washed out of cardiac tissue is excreted in one passage by the lungs (14, 36) , recirculation of the remainder is so minimal that isotope does not appear in the chest wall in sufficient amounts to alter myocardial wash-out curves. 6 The scintillation camera allows quantitative measurements of isotope removal from many areas of 8 In the studies to date, spillage of isotope into the aorta with obscuration of myocardial washout of 'Xe by accumulation of the tracer in overlying chest wall has not been a problem for two reasons: (a) Isotope movement down the aorta can be detected during replay of the magnetic tape on the oscilloscope. (b) Dilution of AXe (10 mCi) injected into the root of the aorta by aortic blood flow was so great that the count rates recorded by crystals overlying the chest wall were not significantly increased above background. the myocardium to be carried out simultaneously.7 Replay of the data tape on an oscilloscope also provides visual representations of isotope location in the myocardium which are proportional in size and shape to the tissue bed supplied by the artery which was injected.
Most of the limitations of the present method in its current stage of development, in addition to the high cost of the equipment and isotope, relate to the states of the technology involved. Technological improvements in design of the scintillation camera might: (a) reduce "dead" time which currently necessitates a computer correction; (b) improve the instrument's intrinsic resolution (1.1 cm), and (c) increase the efficiency of counting.
The other limitations to this new approach relate to the facts: (a) that the "AXe wash-out rate recorded by an individual crystal represents removal of isotope from all myocardial tissue within its field of view, and (b) that the heart is spherical. For the former reason differences between endocardial and epicardial flows have not been 7 It is quite possible that data similar to that obtained by a multiple crystal scintillation camera could be obtained with a single-crystal scintillation camera combined with computer crystal-splitting techniques. Relative merits of the two types of instrument, however, would depend upon collimation, the degree of count overlap between adjacent areas and the precision of measurement in each region.
detected. Because of the spherical cardiac shape two or more myocardial surfaces supplied by one artery are viewed by the same scintillation crystal in certain areas of the heart (Fig. 8) . If, in the future, collimation and crystal sensitivity can be improved, it may be possible to make several injections of AXe and regional myocardial flow measurements from multiple views in the same patient.
Despite the limitations, the present studies indicate that in patients with heart disease but arteriographically normal coronary arteries (Figs. 10-14) there are considerable variations in the myocardial blood flow rates in different regions of the human heart, despite a relative homogeneity of local perfusion rates in a given area (e.g., left or right ventricle). These differences in regional perfusion rates in patients with radiographically normal coronary arteries may explain, in part, the deviations from a single exponential observed in the past when a single inert gas wash-out curve from a large area of normal myocardium was plotted semilogarithmically against time (11-14, 16, 28) . In other studies (27) , areas of reduced myocardial perfusion have been detected and localized to specific vascular lesions in patients with coronary artery disease.
The results obtained in 17 patients with radiographically normal coronary arteries indicate that the mean rate of washout of AXe from left ventricular myocardium is significantly faster than from right ventricular myocardium or the right atrial region. These findings confirm previous observations of Pitt, Friesinger, and Ross (42) who monitored AwXe wash-out curves with a single precordial detector. The results differ from those of Klein, Cohen, and Gorlin (28) who found no differences between left and right coronary flow in nine subjects using 'Kr, coronary sinus sampling and a two compartment analysis of the wash-out curves.
The possibility that right ventricular or basal epicardial fat retarded isotope washout and spuriously reduced the calculated right heart perfusion rates cannot be completely excluded in the present study. Precautions taken to obviate this possibility have been discussed previously. However, it may be noted that left ventricular myocardial perfusion has exceeded that of the right ventricle in experimental animals in several studies in which the myocardial blood flow measurements were made with Rb' or radioactive microspheres (29, 33, 43) , two different techniques which are not influenced by the fatty content of the tissue. Since myocardial oxyen consumption, a major factor influencing coronary blood flow, is largely determined by pressure generation in the ventricle (44, 45) 
